Abstract. Osteosarcoma (OS) is the most common malignant tumor of bone. It has recently been demonstrated that galectin-3, a multifunctional β-galactoside-binding, is significantly upregulated in OS tissues, and is correlated with its progression and metastasis. However, the detailed role of galectin-3 in the regulation of cellular biological processes in OS cells has remained to be elucidated. The present study reported that the mRNA and protein levels of galectin-3 were significantly increased in OS tissues compared to those in their matched normal adjacent tissues. Furthermore, galectin-3 was upregulated in three OS cell lines, Saos-2, MG63 and U2OS, when compared with that in the human osteoblast cell line hFOB1.19. Knockdown of galectin-3 by galectin-3-specific small interfering RNA markedly inhibited OS-cell proliferation and induced cell apoptosis. Furthermore, silencing of galectin-3 expression significantly inhibited OS cell migration and invasion, accompanied with a marked decrease in the protein expression of matrix metalloproteinase 2 and -9. Mechanistic investigation suggested that the mitogen-activated protein kinase kinase/extracellular signal-regulated protein kinase signaling pathway may be involved in the galectin-3-mediated OS cell invasion. In conclusion, the present study was the first to report that silencing of galectin-3 inhibited the malignant phenotypes of osteosarcoma in vitro. Therefore, galectin-3 may serve as a potential therapeutic target for OS.
Introduction
Osteosarcoma (OS) is the most common mesenchymal sarcoma with high morbidity, mainly arising from the meta physis of the long bones of adolescents and young adults (1) . Despite tumor excision combin ed with chemotherapy and radiotherapy, the five-year survival rate of patients with recurrent or metastatic OS has remained as low as ~30% (1) . As aberrant upregulation of oncogenes is closely associated with the progression of OS, the identification of novel oncogenes is crucial for developing effective therapeutic targets for OS (2) .
Galectin-3, a member of the galectin family, is an endogenous β-galactoside-binding lectin. It has been well established that galectin-3 has a role in the regulation of cell recognition, adhesion, chemoattraction, proliferation, apoptosis, cell cycle, differentiation, immunomodulation and angiogenesis (3, 4) . Accumulating evidence has demonstrated that galectin-3 participates in cancer aggressiveness and is closely associated with tumor cell transformation, migration, invasion and metastasis (5) (6) (7) . Recently, galectin-3 was found to be associated with the progression of OS; Zhou et al (8) reported that the serum levels of galectin-3 were markedly elevated in patients with OS when compared with those in healthy controls, and that increased serum levels of galectin-3 were significantly associated with the stage of OS. Furthermore, galectin-3 was upregulated in OS tissues compared to that in non-malignant tissues, and its expression in OS tissues was correlated with the OS stage and metastasis (8) . These findings suggested that galectin-3 may act as an oncogene in OS. However, the exact role of galectin-3 in the regulation of OS cells has remained to be determined.
The present study aimed to explore the role of galectin-3 in the regulation of OS cell proliferation, apoptosis, migration and invasion. In addition, the underlying molecular mechanism was investigated. Reverse transcription quantitative-polymerase chain reaction (RT-qPCR) analysis. Total RNA was extracted from tissues or cells using TRIzol reagent in accordance with the manufacturer's instructions. Total RNA was reverse-transcribed into cDNA by using a First Strand cDNA Synthesis kit, in accordance with the manufacturer's instructions. Expression of mRNA was examined using the SYBR green qPCR assay kit, in accordance with the manufacturer's instructions. The specific primer pairs (Shanghai Shenggong Co., Ltd., Shanghai, China) were as follows: Galectin-3 sense, 5'-GTGAAGCCCAATGCAAACAGA-3' and anti-sense, 5'-AGCGTGGGTTAAAGTGGAAGG-3'; GAPDH (internal reference) sense, 5'-CTGGGCTACACTGAGCACC-3' and anti-sense, 5'-AAGTGGTCGTTGAGGGCAATG-3'. The PCR was conducted using using an ABI 7500 thermocycler (Invitrogen Life Technologies) with the following cycling conditions: 95˚C for 10 min, 40 cycles of denaturation at 95˚C for 15 sec, and an annealing/elongation step at 60˚C for 1 min. The experiments were independently repeated three times. The PCR products were separated by SDS-PAGE, and analyzed using SDS Relative Quantification Software 2.2.2 (Applied Biosystems Life Technologies, Carlsbad, CA, USA). The same baseline and cycle threshold (CT) were set for each target. The relative mRNA expression was analyzed using the 2 -∆∆Ct method (9).
Materials and methods

Agents
Transfection. Lipofectamine 2000 was used to perform transfection according to the manufacturer's instructions. Briefly, cells were cultured to 70% confluence and re-suspended in serum-free medium. Small interfering RNA (siRNA) specific for galectin-3 (Nlunbio, Changsha, China) and Lipofectamine 2000 were diluted, mixed and incubated for 20 min at room temperature, followed by addition to the cell suspension. After incubation at 37˚C for 6 h, the medium was replaced with normal serum-containing medium. Cells were then cultured for 24 h prior to being subjected to the following assays. The MG63 cells transfected with galectin-3 siRNA were treated with 10 mM curcumin for 3 h.
Western blot analysis. Tissues or cells were solubilized in cold radioimmunoprecipitation assay lysis buffer (Sigma-Aldrich, St. Louis, MO, USA). Proteins were separated by 12% SDS-PAGE (Nlunbio) and transferred onto a polyvinylidene difluoride (PVDF) membrane. The PVDF membrane (Invitrogen Life Technologies) was then incubated with Tris-buffered saline containing Tween 20 (Sigma-Aldrich) containing 5% skimmed milk at room temperature for 3 h and then incubated with mouse anti-galectin-3, MMP2, MMP9, p-ERK, ERK and GAPDH primary antibodies, respectively, at room temperature for 3 h. After incubation with the rabbit anti-mouse secondary antibodies at room temperature for 40 min, ECL detection was performed using an ECL kit and an ECL detection apparatus with an X-ray exposure cartridge (MitoScience, Eugene, OR, USA) and film (Kodak, Tokyo, Japan). Relative protein expression was analyzed using Image-Pro plus software 6.0 (Media Cybernetics, Rockville, MD, USA), and expressed as the density ratio vs. GAPDH.
Cell proliferation assay. The MTT assay was used to assess cell proliferation. The cells in each group were cultured in 96-well plates at a density of 1x10 5 cells/well, at 37˚C for 0, 24, 48 and 72 h. A total of 100 µl fresh serum-free medium supplemented with 0.5 g/l MTT was subsequently added to each well, and incubated at 37˚C for 4 h. The medium was then removed by aspiration, and 50 µl dimethylsulfoxide (Sigma-Aldrich) was added to each well. After incubation at 37˚C for a further 10 min, the absorbance at 570 nm of each sample was measured using a PHERAstar FS microplate reader (Invitrogen Life Technologies).
Wound healing assay. A wound healing assay was performed to evaluate the cell migratory capacity. In brief, cells were cultured to full confluence. Wounds of ~1 mm width were created with a pipette tip (Gilson, Inc., Middleton, WI, USA), and cells were washed and incubated in serum-free medium. After incubation for 24 h in serum-free medium, cells were incubated in medium containing 10% fetal bovine serum. Cultures at 0 and 48 h were observed under a CX22 microscope (Olympus, Tokyo, Japan).
Cell invasion assay. The invasive ability of OS cells was determined in 24-well plates. Transwell chambers containing a layer of Matrigel. A cell suspension (density, 1x10 6 )was added in the upper chamber, and RPMI 1640 containing 10% FBS was added into the lower chamber. After incubation for 24 h, non-invading cells as well as the Matrigel on the interior of the inserts was removed using a cotton-tipped swab. Invasive cells on the lower surface of the membrane were stained with gentian violet, rinsed with water and air-dried. Five fields were randomly selected and the cell number was counted under a CX22 microscope.
Apoptosis analysis. The levels of cell apoptosis were determined using an Annexin V-FITC Apoptosis Detection kit (BD Biosciences) according to the manufacturer's instructions, and analyzed using a C6 flow cytometer (BD Biosciences). A total of 24 h post-transfection, the cells were harvested and washed twice with cold PBS. Subsequently, 1x10 6 
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Chicago, IL, USA) was used for statistical analyses. P<0.05 was considered to indicate a statistically significant difference between values.
Results
Galectin-3 is overexpressed in OS tissues and cell lines.
To explore the role of galectin-3 in OS, the mRNA and protein expression of galectin-3 in OS tissues as well as their matched normal adjacent tissues was determined by RT-qPCR and western blot analyses. As shown in Fig. 1A and B, the mRNA and protein expression levels of galectin-3 were frequently upregulated in OS tissues when compared with those in normal adjacent tissues. Furthermore, the mRNA and protein expression of galectin-3 were assessed in the three OS cell lines Saos-2, MG63 and U2OS, as well as in the human osteoblast cell line hFOB1.19. As shown in Fig. 1C and D, the mRNA and protein expression of galectin-3 in OS cells was higher than that in hFOB1.19 cells (P<0.01). Furthermore, MG63 cells showed the highest expression of galectin-3 amongst all cell lines tested. Accordingly, this cell line was used in the subsequent experiments of the present study.
Galectin-3 knockdown inhibits OS cell proliferation.
To investigate the role of galectin-3 in the regulation of OS-cell proliferation, MG63 cells were transfected with galectin-3 siRNA. To confirm knockdown of galectin, the mRNA and protein expression of galectin-3 in MG63 cells was then assessed. As shown in Fig. 2A and B, transfection with galectin-3 siRNA significantly inhibited the mRNA and protein expression of galectin-3 in MG63 cells (P<0.01). Subsequently, an MTT assay was performed to determine the effect of galectin-3 silencing on cell proliferation. As shown in Fig. 2C , after transfection with galectin-3 siRNA, the cell proliferation was significantly downregulated compared to that in the control group (P<0.01), suggesting that siRNA-induced knockdown of galectin-3 inhibited OS-cell proliferation.
Knockdown of galectin-3 enhances apoptosis of MG63 cells.
The effect of siRNA-induced downregulation of galectin-3 on MG63-cell apoptosis was assessed. As shown in Fig. 3 , the apoptotic rate of MG63 cells was markedly upregulated after transfection with galectin-3-specific siRNA (P<0.01), suggesting that siRNA-induced galectin-3 downregulation promoted OS-cell apoptosis.
Knockdown of galectin-3 suppresses migration and invasion of MG63 cells.
The present study then investigated the effect of siRNA-induced downregulation of galectin-3 on the migration and invasion of MG63 cells. As shown in Fig. 4A and B, the cell migration and invasion were significantly decreased in MG63 cells transfected with galectin-3 siRNA compared to those in the control group (P<0.01), suggesting that galectin-3 has a promoting role in the regulation of OS-cell migration and invasion. As MMP2 and MMP9 are two crucial regulators involved in tumor cell migration and invasion (10), the present study then examined the protein levels of MMP2 and MMP9 in MG63 cells with or without galectin-3 knockdown. As shown in Fig. 4C , siRNA-induced galectin-3 knockdown led to a marked decrease in MMP2 and MMP9 expression in MG63 cells (P<0.01).
The mitogen-activated protein kinase kinase (MEK)/ERK signaling pathway is involved in the galectin-3-mediated invasiveness of OS cells.
The present study further investigated the activity of MEK/ERK pathway-associated signaling in MG63 cells with or without transfection with galectin-3 siRNA. As shown in Fig. 5A , downregulation of galectin-3 markedly inhibited the activity of MEK/ERK signaling (P<0.01), suggesting that the MEK/ERK signaling pathway may act as a downstream effector of the malignant properties of MG63 cells. As the MEK/ERK signaling pathway has been demonstrated to be involved in the regulation of OS-cell invasion (11, 12) , the present study used curcumin, an agonist of MEK, to upregulate the activity of the MEK/ERK signaling pathway. As shown in Fig. 5B , the suppressive effect A B of galectin-3 knockdown on MG63 cell invasion was markedly reversed by treatment with curcumin (P<0.01), suggesting that the MEK/ERK signaling pathway is involved in the galectin-3-mediated OS cell invasion.
Discussion
As most OS have been shown to display a marked alternation of their gene expression profile compared with that of normal osteoblasts, understanding of the de-regulation of these oncogenes or tumor suppressors may aid in the development of effective therapeutic strategies for OS (13) . The present study reported that galectin-3 was significantly upregulated in OS tissues and cells. In addition, the present study suggested that galectin-3 acts as an oncogene in OS cells and that the MEK/ERK signaling pathway is involved in galectin-3-mediated OS-cell invasion. Galectin-3, a versatile 29-35 kDa protein, is the only chimera galectin found in vertebrates. Galectin-3 has been found to participate in several biological processes, including cell adhesion (3), cell activation and chemoattraction (3), growth and differentiation (14) , and apoptosis and cell cycle progression (15) . Accumulating evidence has suggested that galectin-3 has a role in multiple types of cancer (16) , including gastric carcinoma (17) , parathyroid cancer (18), multiple myeloma (19) , ovarian cancer (19) and OS (8) . Furthermore, galectin-3 has emerged as a useful biomarker in the diagnosis and/or prognosis of certain malignancies (20). However, the detailed role of galectin-3 in the regulation of cellular biological processes of OS cells has remained to be fully elucidated. The present study showed that the expression of galectin-3 was significantly increased in OS tissues when compared with that in normal adjacent tissues. In addition, galectin-3 was also upregulated in three OS cell lines compared to a human osteoblast cell line. These results were consistent with those of a previous study, which reported that the serum levels as well as the tissue expression levels of galectin-3 were increased in patients with OS compared to those in healthy controls (8) . These findings suggested that galectin-3 is involved in the development and progression of OS.
To further determine whether galectin-3 is relevant to OS progression, galectin-3-specific siRNA was used to knockdown the expression of galectin-3 in OS cells. It was found that silencing of galectin-3 expression significantly suppressed OS-cell proliferation and promoted OS-cell apoptosis. Similar findings have been reported in other studies; Zheng et al (21) demonstrated that downregulation of galectin-3 inhibited the proliferation of hepatocellular carcinoma cells. Furthermore, Huang et al (22) found that inhibition of galectin-3 expression by siRNA suppressed cell proliferation and induced cell apoptosis of pituitary tumor cells. In addition, galectin-3 was found to be involved in the regulation of cell cycle progression; Wang et al (23) showed that galectin-3 was involved in the regulation of prostate cancer cell growth and apoptosis by modulating the expression of p21, an important regulator in cell cycle progression. Furthermore, galectin-3 may be involved in the regulation of cyclin-D, which regulates the G1-to-S phase transition, in non-small cell lung cancer cells (24) . Accordingly, it is hypothesized that the inhibition of cell proliferation caused by galectin-3 knockdown observed in the present study may due to cell cycle arrest.
It has been well established that galectin-3 participates in the regulation of tumor-cell migration and invasion. For instance, Zhang et al (25) reported that silencing of galectin-3 inhibited migration and invasion of human tongue cancer cells via inhibition of β-catenin. However, to the best of our knowledge, the effect of galectin-3 on OS-cell migration and invasion has never been studied. The present study showed that siRNA-induced galectin-3 inhibition markedly inhibited OS-cell migration and invasion; furthermore, MMP2 and MMP9 were also downregulated after silencing of galectin-3 in OS cells. In addition, several studies have shown that MEK/ERK signaling is involved in galectin-3-mediated cell invasion. Song et al (26) reported that inhibition of galectin-3 downregulated the activity of Ras, as well as its downstream ERK signaling. Curcumin is an agonist of MEK, which can further activate ERK. Curcumin was used in the present study to determine whether galectin-3 exerted its effects on OS cell invasion via MEK signaling. However, it remains unclear whether curcumin exhibits anti-carcinogenic properties. The results demonstrated that pre-treatment with curcumin effectively reversed the suppressive effect of galectin-3 knockdown on OS-cell invasion, suggesting that MEK/ERK signaling participates in galectin-3-mediated OS-cell invasion.
In conclusion, the present study showed that the expression of galectin-3 was significantly increased in OS tissues and cell lines. siRNA-induced inhibition of galectin-3 significantly inhibited proliferation, migration and invasion, and induced apoptosis of OS cells. In addition, MEK/ERK signaling was found to be involved in the galectin-mediated OS-cell invasion. These results suggested that galectin-3 may be a promising target for the treatment of OS.
